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Attorney Docket No. 36856.472 

SURFACE ACOUSTIC WAVE DEVICE 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 

The present invention relates to a surface acoustic 
wave device including a quartz substrate, and more 
particularly, to an improvement in surface acoustic wave 
devices formed by laminating a piezoelectric thin film on 
the quartz substrate . 

2 . Description of the Related Art 

Conventionally, a surface acoustic wave device has 
been widely used for e.g., band-pass filters for use in 
mobile communication equipment. The surface acoustic wave 
(hereinafter referred to as "SAW") device has a structure 
wherein at least one interdigital transducer (hereinafter 
referred to as "IDT") is constructed on a piezoelectric 
substrate by forming at least one pair of comb electrodes so 
as to contact the piezoelectric substrate. 

In recent years, various types of SAW devices, each 
using a piezoelectric thin film, have been proposed. 
Specifically, SAW devices have been proposed, each of which 
uses a surface acoustic wave substrate constructed by 
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forming a piezoelectric thin film on an elastic substrate 
such as a glass substrate or a piezoelectric substrate. 

As constructions using a surface acoustic wave 
substrate formed by laminating the piezoelectric thin film 
on the above-mentioned elastic substrate, the four kinds of 
structures are known which are shown in Figs. 22A and 22B, 
and Figs. 23A and 23B. In the SAW device 101 shown in Fig. 
22A, a piezoelectric thin film 103 is provided on an elastic 
substrate 102, and IDTs 104 are disposed on this 
piezoelectric thin film 103. On the other hand, in the SAW 
device 105 shown in Fig. 22B, IDTs 104 are disposed on the 
bottom surface of the piezoelectric thin film 103, that is, 
on the interface between the elastic substrate 102 and the 
piezoelectric thin film 103. Also, in the SAW device 106 
shown in Fig. 23A, a short-circuit electrode 107 is disposed 
on the elastic substrate 102, and the piezoelectric thin 
film 103 is laminated on this short-circuit electrode 107. 
The IDTs 104 are formed on the piezoelectric thin film 103 . 
That is, the SAW device 106 is equivalent to the structure 
wherein the short-circuit electrode 107 is inserted into the 
interface between the elastic substrate 102 and the 
piezoelectric thin film 103, in the SAW device 101 shown in 
Fig. 22A. 

In the SAW device 108 shown in Fig. 23B, a short- 
circuit electrode 107 is disposed on the piezoelectric thin 
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film 103. The IDTs 104 are disposed on the interface between 
the elastic substrate 102 and the piezoelectric thin film 
103. The SAW device 108 is, therefore, equivalent to the 
structure wherein the short-circuit electrode 107 is 
disposed on the top surface of the piezoelectric thin film 
103, in the SAW device 105 shown in Fig. 22B. 

Fig. 24 illustrates electromechanical coupling 
coefficients when the above -described SAW devices 101, 105, 
106, and 108 are varied in the formation positions of the 
IDTs 104 and in the presence or absence of the short-circuit 
electrode 107, with other constructions under the same 
conditions, and when ZnO thin films are used as 
piezoelectric thin films, and glass substrates are used as 
elastic substrates. 

In Fig. 24, there are shown the variations of the 
electromechanical coupling coefficients with respect to the 
normalized film thickness E/X of ZnO thin film in each of 
the above-described four kinds of SAW devices. In the 
present specification, H designates the thickness of a 
piezoelectric thin film, and X designates the wavelength of 
an excited surface acoustic wave (both are of the same unit) 

In the figure, the solid line A indicates the result 
for the SAW device 101, the broken line B the result for the 
SAW device 105, the one-dot chain line C the result for the 
SAW device 106, and the two-dot chain line the result for 



the SAW device 108. 

It is evident from Fig. 24 that, by selecting H/A, 
values, larger electromechanical coupling coefficients can 
be obtained in the SAW devices 105 and 108 than in the SAW 
devices 101 and 106. 

Therefore, it has previously been considered that, in 
the structure wherein the ZnO thin film 103 is disposed on 
the glass substrate 102, larger electromechanical coupling 
coefficients can be obtained by providing IDTs 104 on the 
interface between the glass substrate 102 and the ZnO thin 
film 103. Here, waves marked as "Sezawa waves" in Fig. 24 
are surface acoustic waves in higher order modes of the 
Rayleigh wave. 

Meanwhile, the inventor of the present application has 
shown various characteristics of surface acoustic waves when 
using a surface acoustic wave substrate constructed by 
forming a ZnO thin film on a quartz substrate, in the IEEE 
ULTRASONICS SYMPOSIUM (1997), pp. 261-266, and in the Japan 
Society for the Promotion of Science, the Surface Acoustic 
Wave Device Technique 150th Committee, the 59th data for 
study (1988) pp. 23-28 (hereinafter abbreviated as 
Literature 1) . These characteristics will be described with 
respect to Figs. 25A and 25B, and Fig 26. In this prior art, 
it has been confirmed by a theory and experiments that a 
surface acoustic substrate of which the temperature 



coefficient of frequency, TCF is zero, can be obtained by 
forming a ZnO thin film which has a negative TCF value, on a 
quartz substrate which has a cut angle and a propagation 
direction which provide a positive TCF value. 

Here, the theory in Literature 1 is based upon IEEE 
Trans. Sonics &. Ultrason. vol. SU-15, No. 4 (1968) p. 209. 

Fig. 25A shows the ZnO film-thickness dependence of 
the TCF of the SAW device shown in Fig. 22A, when using the 
quartz substrate of 29°45' rotating Y plate, 35° X 
propagation [Euler angles (0°, 119° 4 5', 35°) ] , the quartz 
substrate being described in the Literature 1. Fig. 25B 
shows the ZnO film-thickness dependence of the TCF of the 
SAW device shown in Fig. 22A, when using the quartz 
substrate of 42°45' rotating Y plate, 35° X propagation 
[Euler angles (0°, 132°45', 35*)], the quartz substrate being 
described in the Literature 1. Fig. 2<=o shows 
electromechanical coupling coefficients for the Rayleigh 
wave and Sezawa wave which is a spurious wave, in a SAW 
device which uses a ZnO thin film as the piezoelectric thin 
film, and a quartz substrate as the elastic substrate. The 
solid lines A through C in Fig. 26 shows electromechanical 
coupling coefficients for the Rayleigh wave in the SAW 
devices having the structures shown in Figs. 22A, 22B, and 
23A, respectively. The broken lines A", C" , and D" show 
variations in the electromechanical coupling coefficient for 
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the Sezawa wave which constitutes a spurious wave in the SAW 
device having the structures shown in Figs . 22A, 2 3A, and 
2 3B, respectively. 

It can be seen from Figs. 25A and 25B that, in the SAW 
device shown in Fig. 22A, the TCF becomes zero by selecting 
normalized ZnO film thicknesses. 

Table 1 below shows the comparison between the SAW 
device (laminated structure of Al/ZnO/quartz) which is shown 
in Fig. 22A and which is described in the prior art, and the 
conventional known SAW device which has a small TCF value. 



Table 1 



SUBSTRATES 


EULER ANGLES OF 
SUBSTRATES 


SONIC 
SPEEDS 
(m/s) 


K 2 
(%) 


TEMPERATURE 
DEVIATIONS 
OF FREQUENCY 
AT -2 0°C TO 
8 0°C 
(ppm/°C) 


Al/ST-X 
QUAURTZ 


(0°,132 o 45' ,0°) 


3158 


0 . 14 


0 . 9 


Al/La 3 Ga 5 SiOi4 


(0°, 143° / 24°) 


2756 


0 .42 


1.63 


Al/Li 2 B 4 0 7 


(110°, 90°, 90°) 


3480 


1 


6.8 


Al/ ZnO /QUARTZ 


(0°, 119°45 1 , 35°) 
(0°, 132°45 » , 35°) 


2900 


1.0 to 1.1 


1.1 



It is observed from Fig. 26 and Table 1 that the SAW 
device shown in Fig. 22A provides an electromechanical 
coupling coefficient K 2 of about 1%, which is larger than 
those of the ST-X quartz substrate and the La 3 Ca 5 SiOi 4 



substrate, and that this SAW device provides a sound speed 
lower by about 20% than the Li 2 B 4 0 7 substrate which has an 
electromechanical coupling coefficient K 2 equivalent thereto. 
This means that, when forming a transversal type SAW filter 
using the SAW device shown in Fig. 22A, this SAW filter is 
lower in the loss than that in the cases of the ST-X quartz 
substrate and the La 3 Ca 5 SiOi 4 substrate, and that the SAW 
filter is smaller in the size and in the frequency deviation 
due to temperature than those in the case of the Li 2 B 4 0 7 
substrate . 

Meanwhile, Fig. 26 shows that, when using a ZnO thin 
film as the piezoelectric thin film, and a quartz substrate 
as the elastic substrate, the electromechanical coupling 
coefficient for the Rayleigh wave in the SAW device shown in 
Fig. 22B is smaller than that in the SAW device shown in Fig. 
22A and Fig. 23A. This tendency runs counter to the tendency 
in the case where a glass substrate is used as the elastic 
substrate . 

In this way, since each of the SAW devices shown in 
Fig. 22A and Fig. 23A combines a small TCF with a large 
electromechanical coupling coefficient, an improvement in 
the performance of a surface acoustic wave device such as a 
band-pass filter for use in mobile communication equipment 
can be achieved by using these SAW devices. 

However, there is a problem that even the SAW devices 



shown in Fig. 22A and Fig. 23A are still lacking in the 
electromechanical coupling coefficient, and that they cannot 
sufficiently satisfy characteristics required of the surface 
acoustic wave device. Mobile communications scheme is being 
shifted from the conventional analog scheme to the digital 
scheme, and further to the code spreading scheme. For 
example, an intermediate frequency filter used for the 
digital scheme or the code spreading scheme requires a low 
group delay deviation and a low insertion loss. As a band- 
pass filter formed using a surface acoustic wave device 
which has a low group delay deviation, a transversal type 
filter is known. However, when the transversal type filter 
is formed using a conventional surface acoustic wave 
substrate, this filter lacks a sufficient electromechanical 
coupling coefficient, so that it cannot meet the above- 
mentioned requirement. 



SUMMARY OF THE INVENTION 
In order to overcome the problems described above, 
preferred embodiments of the present invention provide a SAW 
device which has superior temperature characteristics and a 
very large electromechanical coupling coefficient, the SAW 
device using a surface acoustic wave substrate formed by 
laminating a piezoelectric thin film on a quartz substrate. 
According to a preferred embodiment of the present 
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invention, a surface acoustic wave device includes a quartz 
substrate, a piezoelectric thin film disposed on the quartz 
substrate, and comb electrodes disposed between the quartz 
substrate and the piezoelectric thin film. In this surface 
acoustic wave device, the normalized film thickness of the 
piezoelectric thin film E/X is at least about 0.05, when the 
film thickness of the piezoelectric thin film is H, and the 
wavelength of a surface acoustic wave is X. 

In another preferred embodiment of the present 
invention, it is preferred that the normalized film 
thickness of the piezoelectric thin film R/X is at least 
about 0.20. 

In another preferred embodiment of the present 
invention, the piezoelectric thin film is arranged so as to 
contact the substrate and/or the comb electrodes at the 
negative surface thereof. 

In still another preferred embodiment of the present 
invention, there is further provided a short-circuit 
electrode disposed on the piezoelectric thin film. 

In a further particular preferred embodiment of the 
present invention, the Euler angles of the quartz substrate 
are within the range such that the power flow angle PFA of 
the Rayleigh wave shown in Fig. 6, is within approximately ± 
2.5°. 

In a yet further preferred embodiment of the present 
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invention, the Euler angles of the quartz substrate are 
within the range such that the temperature coefficient of 
frequency, TCF of the surface acoustic wave device shown in 
Fig. 7, is within approximately ± 25 ppm/°C. 

In another particular preferred embodiment of the 
present invention, the Euler angles of the quartz substrate 
are within the range such that the temperature coefficient 
of frequency, TCF of the surface acoustic wave device shown 
in Fig. 7 is within approximately ± 5 ppm/°C. 

In still another particular preferred embodiment of 
the present invention, the Euler angles of the quartz 
substrate are within the range such that the 

electromechanical coupling coefficient for the Rayleigh wave 
K 2 shown in Fig. 8, is not smaller than about 0.8%. 

In a further particular preferred embodiment of the 
present invention, the Euler angles of the quartz substrate 
are within the range such that the electromechanical 
coupling coefficient for the spurious wave, K sp 2 shown in Fig 
9, is not larger than about 0.1%. 

In a yet further preferred embodiment of the present 
invention, the temperature coefficient of frequency, TCF of 
the piezoelectric thin film has a negative value. 

In another particular preferred embodiment of the 
present invention, the Euler angles of the quartz substrate 
are in the range such that the difference in the power flow 



angle, APFA between the surface acoustic wave to be utilized 
and a unwanted surface acoustic wave not to be utilized 
shown in Fig. 18, is within approximately ± 1°. 

In various preferred embodiments of the present 
invention, the piezoelectric thin film is preferably formed 
of a kind of material selected from the group consisting of 
ZnO, A1N, Ta 2 0 5 , and CdS. 

The above and other features, elements, 
characteristics and advantages of the present invention will 
be clear from the following detailed description of the 
preferred embodiments of the invention in conjunction with 
the accompanying drawings . 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figs. 1A and IB are schematic construction views for 
explaining a surface acoustic wave device in accordance with 
a preferred embodiment of the present invention, wherein Fig. 
1A is a plan view and Fig. IB is a sectional view of the 
main section thereof; 

Fig. 2 is a diagram showing the relationship between 
the ZnO film thickness normalized by the Rayleigh wavelength 
and the electromechanical coupling coefficient for the 
Rayleigh wave, K 2 when a ZnO film with Euler angles (0°, 0°, 
0°) is formed on a quartz substrate with Euler angles (0°, 
119.75°, 35°) in each of the SAW devices of various laminated 
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structures / 

Fig. 3 is a diagram showing the relationship between 
the ZnO film thickness normalized by the Rayleigh wavelength 
and the electromechanical coupling coefficient for the 
Rayleigh wave, K 2 when a ZnO film with Euler angles (0°, 18 0°, 
0°) is formed on a quartz substrate with Euler angles (0°, 
119. 75°, 35°) in each of the SAW devices of various laminated 
structures / 

Fig. 4 is a diagram showing the relationship between 
the ZnO film thickness normalized by the Rayleigh wavelength 
and the electromechanical coupling coefficient for a 
spurious wave, K sp 2 when a ZnO film with Euler angles (0°, 0°, 
0°) is formed on a quartz substrate with Euler angles (0°, 
119.75°, 35°) in each of the SAW devices of various laminated 
structures ; 

Fig. 5 is a diagram showing the relationship between 
the ZnO film thickness normalized by the Rayleigh wavelength 
and the electromechanical coupling coefficient for the 
spurious wave, K sp 2 when a ZnO film with Euler angles (0°, 
180°, 0°) is formed on a quartz substrate with Euler angles 
(0°, 119.75°, 35°) in each of the SAW devices of various 
laminated structures; 

Fig. 6 is a diagram showing the substrate-orientation 
dependence of the power flow angle of the Rayleigh wave when 
the normalized film thickness of ZnO is about 0.20; 
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Fig. 7 is a diagram showing the substrate-orientation 
dependence of the temperature coefficient of frequency, TCF 
for the Rayleigh wave when the normalized film thickness of 
ZnO i s about 0.20; 

Fig, 8 is a diagram showing the substrate-orientation 
dependence of the electromechanical coupling coefficient for 
the Rayleigh wave, K 2 , when the normalized film thickness of 
ZnO i s about 0.20; 

Fig. 9 is a diagram showing the substrate-orientation 
dependence of the electromechanical coupling coefficient for 
the spurious wave, K sp 2 , when the normalized film thickness 
of ZnO is about 0.20; 

Fig. 10 is a diagram showing the substrate-orientation 
dependence of the power flow angle of the Rayleigh wave when 
the normalized film thickness of ZnO is about 0.25; 

Fig. 11 is a diagram showing the substrate-orientation 
dependence of the temperature coefficient of frequency, TCF 
for the Rayleigh wave when the normalized film thickness of 
ZnO is about 0.25; 

Fig. 12 is a diagram showing the substrate-orientation 
dependence of the electromechanical coupling coefficient for 
the Rayleigh wave, K 2 , when the normalized film thickness of 
ZnO is about 0.25; 

Fig. 13 is a diagram showing the substrate-orientation 
dependence of the electromechanical coupling coefficient for 
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the spurious wave, K sp 2 , when the normalized film thickness 
of ZnO is about 0.25; 

Fig. 14 is a diagram showing the substrate-orientation 
dependence of the power flow angle of the Rayleigh wave when 
the normalized film thickness of ZnO is about 0.30; 

Fig. 15 is a diagram showing the substrate-orientation 
dependence of the temperature coefficient of frequency, TCF 
for the Rayleigh wave when the normalized film thickness of 
ZnO is about 0.30; 

Fig. 16 is a diagram showing the substrate-orientation 
dependence of the electromechanical coupling coefficient for 
the Rayleigh wave, K 2 , when the normalized film thickness of 
ZnO is about 0.30; 

Fig. 17 is a diagram showing the substrate-orientation 
dependence of the electromechanical coupling coefficient for 
the spurious wave, K sp 2 , when the normalized film thickness 
of ZnO is about 0.30; 

Fig. 18 is a diagram showing the substrate-orientation 
dependence of APFA when the normalized film thickness of ZnO 
is about 0.2; 

Fig. 19 is a diagram showing the substrate-orientation 
dependence of APFA when the normalized film thickness of ZnO 
is about 0.25; 

Fig. 20 is a diagram showing the substrate-orientation 
dependence of APFA when the normalized film thickness of ZnO 



is about 0.30; 

Fig. 21 is a schematic view for explaining the 
relationship between the electrode-finger disposition angle 
0 strip of a comb electrode in the surface acoustic wave device 
and the power flow angle PFA; 

Figs. 22A and 22B are schematic sectional views for 
explaining examples of laminated structures each of which is 
formed of a substrate, a piezoelectric thin film, and comb 
electrodes in the surface acoustic wave device; 

Figs. 23A and 23B are schematic sectional views for 
explaining examples of laminated structures each of which is 
formed of a substrate, a piezoelectric thin film, and comb 
electrodes in the surface acoustic wave device; 

Fig. 24 is a diagram showing the relationship between 
the normalized film thickness of ZnO thin film and the 
electromechanical coupling coefficient ks in a conventional 
surface acoustic wave device; 

Figs. 2 5A and 25B are diagrams showing the dependence 
of the temperature coefficient of frequency, TCF upon the 
ZnO film thickness in the surface acoustic wave device 
described in the prior art; and 

Fig. 26 is a diagram showing the relationship between 
the normalized film thickness E/X of ZnO and the 
electromechanical coupling coefficient, the relationship 
being described in the prior art. 
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Fig. 27 is a graph illustrating a relationship between 
a rotational direction 4> and an electromechanical coupling 
coeffcient K 2 of the Rayleigh wave and a relationship 
between a rotational direction $ and an electromechanical 
coupling coefficient K sp 2 of the spurious wave in the case 
where the normalized thickness of ZnO is 0.3A and the Euler 
angle 117°, 0°) . 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
Figs. 1A and IB are views showing a surface acoustic 
wave device in accordance with a preferred embodiment of the 
present invention, wherein Fig. 1A is a plan view and Fig. 
IB is a sectional view of the main section. 

In this surface acoustic wave device 1, interdigital 
transducers (IDTs) 3 and 4 are disposed on a quartz 
substrate 2 . The IDTs 3 and 4 have pairs of comb electrodes 
3a and 3b, and 4a and 4b, respectively. The IDTs 3 and 4 are 
arranged along the propagation direction of a surface 
acoustic wave with a predetermined interval therebetween. 
That is, in the surface acoustic wave device 1 in accordance 
with this preferred embodiment, the IDTs 3 and 4 are 
arranged as in the case of a well-known transversal type 
surface acoustic wave filter. 

This preferred embodiment is characterized in that a 
piezoelectric thin film 5 is laminated so as to cover the 



IDTs 3 and 4, and that the normalized film thickness U/X of 
the piezoelectric thin film 5 is preferably at least about 
0.05/ when the film thickness of the piezoelectric thin film 
5 is H, and the wavelength of a surface acoustic wave is X. 
This increases the electromechanical coupling coefficient K 2 
of this preferred embodiment, and improves the temperature 
characteristics thereof . Hereinafter, this will be described 
in more detail . 

Concerning the characteristics of the surface acoustic 
wave device which uses a quartz substrate as the elastic 
substrate, and which uses a surface acoustic wave substrate 
constructed by forming a ZnO thin film as a piezoelectric 
thin film on the quartz substrate, and particularly 
concerning the characteristics of the above-described 
surface acoustic wave devices having the laminate structures 
shown in Fig. 22B and Fig. 23B, the inventors of this 
application have studied from an angle other than that of 
the above-described prior art, while doubting that these 
characteristics run counter to the tendency in the case 
where a glass substrate is used as the elastic substrate. 

Figs. 2 and 3 show the relationship between the ZnO 
normalized film thickness and the electromechanical coupling 
coefficient when a ZnO film is used as a piezoelectric thin 
film, and X propagation quartz substrate having Euler angles 
(0°, 119.45°, 35°) is used as an elastic substrate, for the 
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Rayleigh wave propagating through each of the SAW devices 
having the structures shown in Figs. 22A and 22B, and Figs. 
23A and 23B. Figs. 4 and 5 show the relationship between the 
ZnO normalized film thickness and the electromechanical 
coupling coefficient, for the spurious wave occurring in the 
vicinity of the Rayleigh wave. 

In Figs. 2 and 4, the Euler angles of the ZnO thin 
film is preferably set to (0°, 0°, 0°) , and in Figs. 3 and 5, 
the Euler angles of the ZnO thin film is preferably set to 
(0°, 180°, 0°) , that is, the polarity of the ZnO is reversed. 

Here, the results shown in Figs. 2 through 5 were 
obtained by utilizing a finite-element method proposed in a 
literature (Transactions of Institute of Electronics and 
Communication Engineers of Japan, Vol. J68-C No. 1 (1985), 
pp. 21-27) , instead of the method by Cambell et al described 
in the above-described prior art. The electromechanical 
coupling coefficient K 2 was determined by the following 
equation (1) , after the sound speed on a free surface, Vf 
and the sound speed on a short-circuited surface, Vm have 
been derived using the above-mentioned finite-element method. 
K 2 - 2 x (Vf - Vm)/Vf (1) 

In Figs. 2 through 5, if the thickness of the ZnO thin 
film for the Rayleigh wave in the SAW device shown in Fig. 
22B exceeds about 0.05 X, the electromechanical coupling 
coefficient K 2 will become larger than those in the case 



where no ZnO thin film is formed. 

If the thickness of the above -described ZnO thin 
exceeds the range from about 0.20 X to about 0.24 X, the 
electromechanical coupling coefficient for the Rayleigh wave, 
K 2 in the SAW device shown in Fig. 22B will become larger 
than those for the Rayleigh wave in the SAW devices shown in 
Fig. 22A and Figs. 23A and 23B. In particular, in the 
vicinity of about 0 . 5 X of the thickness of ZnO thin film, 
the electromechanical coupling coefficient for the Rayleigh 
wave of the SAW device shown in Fig. 22B will amount to 
triple as much as that for the Rayleigh wave of the SAW 
device shown in Fig. 22A. 

Also, if the thickness of the ZnO thin film exceeds 
the range from about 0.27 X to about 0.31 X, the 
electromechanical coupling coefficient K 2 for the Rayleigh 
wave of the SAW device shown in Fig. 23B will become larger 
than those for the Rayleigh wave of the SAW devices shown in 
Fig. 22A and Fig. 23A. 

The above calculation results are similar to the 
results shown in Fig. 24 in the case where a glass substrate 
is used as the elastic substrate, and has a different 
tendency from the theoretical values in Fig. 25 which are 
described in the above-described Literature 1. 

As a general tendency, when the Euler angles are set 
to (0°, 0°, 0°) , the electromechanical coupling coefficient 
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for the Rayleigh wave, K 2 is larger than that in the case 
where the Euler angles are set to (0°, 180°, 0°) , while the 
electromechanical coupling coefficient for the spurious wave 
K sp 2 is smaller than that in the case where the Euler angles 
are set to (0°, 180°, 0°) . 

It can be recognized from the above calculations that 
the electromechanical coupling coefficient K 2 can be 
significantly increased by using a surface acoustic wave 
substrate constructed by forming a ZnO thin film on the 
quartz substrate, in each of the SAW surface acoustic wave 
devices having the structures shown in Figs. 22B and 23B. 

Meanwhile, the representative evaluation items for the 
surface acoustic wave substrate includes the power flow 
angle PFA and the temperature coefficient of frequency TCF, 
in addition to the electromechanical coupling coefficient K 2 
Furthermore, in each of the SAW devices which have laminate 
structures shown in Figs. 22A through 23B and each of which 
uses a ZnO thin film as the piezoelectric thin film and a 
quartz substrate as the elastic substrate, a spurious wave 
occur which have a sound speed of about 110% of that of the 
Rayleigh wave, and hence the electromechanical coupling 
coefficient for the spurious wave, K sp 2 also constitutes an 
important evaluation item. 

That is, it is desirable that the surface acoustic 
substrate have small values of PFA, TCF, and K sp 2 . 
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Accordingly, in the SAW device having the structure in 
Fig. 22B which uses a ZnO thin film as the piezoelectric 
thin film and a quartz substrate as the elastic substrate, 
that is, in the SAW device having the same structure as that 
shown in Fig. IB, the relationships among the Euler angles 
(0°, 0 r y/) of the quartz substrate, the thickness of the ZnO 
thin film, the power flow angle PFA of the Rayleigh wave, 
the temperature coefficient of frequency, TCF, the 
electromechanical coupling coefficient for the Rayleigh wave 
K 2 , and the electromechanical coupling coefficient for the 
spurious wave, K sp 2 were calculated using the finite-element 
method. The Results will be described with reference to Figs 
6 through 9, Figs. 10 through 13, and Figs. 14 through 17. 

Figs . 6 through 9 are diagrams each showing the 
substrate-orientation dependence of the surface acoustic 
wave which propagates through a ZnO/Al/quartz substrate, 
wherein the normalized film thickness of the ZnO is 
preferably about 0.20. Fig. 6 shows power flow angles of the 
Rayleigh wave, Fig. 7 temperature coefficients of frequency, 
TCF for the Rayleigh wave, Fig. 8 electromechanical coupling 
coefficients for the Rayleigh wave, K 2 and Fig, 9 orientation 
dependence of the electromechanical coupling coefficients 
for the spurious wave, K sp 2 . 

The contour lines shown in Figs. 6 through 9 
correspond to the above-described power flow angle PFA, the 
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temperature coefficient of frequency, TCP, and the 
electromechanical coupling coefficients K 2 and K sp 2 , 
respectively, and mean that all points on each of these 
lines are equal in the respective values. Figs. 10 through 
13, and Figs. 14 through 17 also exhibit similar results to 
those in Fig. 6 through Fig. 9, but the normalized film 
thickness of ZnO film is preferably about 0.25 in Fig. 13, 
and about 0.3 0 in Fig. 14 though 17. 

In Figs. 6 through 17, regions which is hatched with 
crossed slashes and which is indicated by X with an arrow, 
is in the condition in which calculation values could not 
obtained due to small electromechanical coupling 
coefficients K 2 or the like. The values of PFAs and TCFs 
shown in the Figs. 6, 10, 14, and Figs. 7, 11, and 15 were 
determined by the following equations (2) and (3) , 
respectively . 

PFA = tan" 1 (Vf" 1 x dVf/dif/) (2) 

TCF = Vf" 1 x dVf/dT - a (3) 

In equation (2) , y/ is the propagation direction 
(degree) of a surface acoustic wave, T is a temperature (°C) , 
and a is the thermal expansion coefficient in the 
propagation direction of the surface acoustic wave. 

Its can be seen from Figs. 6, 10, and 14, that the 
hatched region which is surrounded by the bold lines Yl and 
Y2 in Fig. 6 meets the condition that the power flow angle 



PFA is as small as approximately -2.5 to +2.5°. 

Also, it can be seen from Figs. 7, 11, and 15, that 
the hatched region which is surrounded by the lines Tl and 
T2 in Fig. 7 meets the condition that the temperature 
coefficient of frequency, TCF is as small as approximately - 
25 to +25 ppm/°C. In particular, it can be recognized that 
the hatched regions which are surrounded by the lines T3 and 
T4 in Fig. 7, the lines T5 and T6 in Fig. 11, and the lines 
T7 and T8 in Fig. 15, meet the condition that the TCF is as 
small as approximately -5 to +5 ppm/°C, which is smaller 
than that in the case of the Li 2 B 4 0 7 substrate. 

As described above, the electromechanical coupling 
coefficient K 2 can be made larger than that in the case where 
no ZnO thin film is formed, by setting the ZnO film 
thickness to be at least about 0.05 X. However, a further 
improvement can be achieved by adjusting the Euler angles. 
For example, in Fig. 8, by adjusting the Euler angles, the 
coupling coefficients within the range surrounded by the 
bold line K become about 0.8% or above, that is, exhibit 
values larger than or equal to those of the conventional SAW 
device shown in Fig. 22A. When increasing the ZnO film 
thickness, the coupling coefficient increases at every Euler 
angle group, and at a particular film thickness, the range 
surrounded by the bold line K constitutes the range 
providing large coupling coefficients. 
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Its can be seen from Figs. 9, 13, and 17, that the 
region which is surrounded by the bold lines SI, S2, and S3 
meets the condition that the electromechanical coupling 
coefficient for the spurious wave, K sp 2 is as small as 
approximately 0 to 0.1. 

It can be understood, therefore, that, in the surface 
acoustic wave device having the structure in Fig. IB wherein 
a piezoelectric thin film is disposed on the quartz 
substrate, and wherein comb electrodes are disposed between 
the quartz substrate and the piezoelectric thin film, a 
surface acoustic wave device which is small in the PFA, TCF, 
and K sp 2 and large in the electromechanical coupling 
coefficient for the Rayleigh wave, K 2 , can be provided by 
setting the Euler angles of the quartz substrate to above- 
described ranges . 

Next, specific experimental examples will be described. 
Here, the "power flow angle" refers to an angle which 
indicates a difference between the direction of the phase 
velocity of a surface acoustic wave and the direction of the 
group velocity thereof. When a power flow angle exists, the 
energy of a surface acoustic wave propagates while deviating 
by the power flow angle with respect to the normal direction 
of the electrode- fingers of the comb electrodes. The loss of 
the energy of the surface acoustic wave, L PFA at this time is 
expressed by the following equation (4) . 



Lpfa — 10 x logio [{W - tan(PFA)}/W] (dB/X) (4) 

where, W designates the cross width of the comb electrode, 
the cross width being normalized by the wavelength X of the 
surface acoustic wave. 

Hence, it is desirable that the power flow angle PFA 
of the surface acoustic wave substrate be 0°, as described 
above. When a PFA exists, however, the degree of difficulty 
in designing comb electrode is higher. However, as shown in 
Fig. 21, by making the electrode- finger disposition angle 
#stri P of a comb electrode 12 on the surface acoustic wave 
substrate 11 agree with the PFA, the deterioration of the 
insertion loss due to the difference between the # s trip and 
the PFA can be inhibited. Conversely, if the electrode- 
finger disposition angle and the PFA differ from each other, 
the insertion loss will deteriorate. 

In the surface acoustic wave substrate in accordance 
with preferred embodiments of the present invention, there 
exists the spurious wave having a sound speed of about 110% 
of that of the Rayleigh wave. In the above-described comb 
electrode wherein the electrode- finger disposition angle 
#stri P has been made to agree with the power flow angle PFA of 
the Rayleigh wave, the loss of the spurious wave, L PF asp due 
to APFA is expressed by the following equation (5) , where 
the difference in the power flow angle between the Rayleigh 
wave and the spurious wave is APFA. 
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Lpfasp = 10 x logio [{W - tan(APFA) }/W] (dB/X) (5) 

It is recognized from the equation (5) that the 
response of spurious wave can be suppressed by increasing 
the APFA. For example, when the surface acoustic wave 
propagated by 20A- in a comb electrode with W = 10 A,, the 
spurious wave can be suppressed by about 1.5 dB when APFA = 
1°. 

Figs. 18 through 20 are diagrams showing the substrate 
dependence of the APFA. Figs. 18 through 20 shows the 
substrate dependence of the APFA when the thicknesses of the 
ZnO film are approximately 0.20 A,, 0.25 X, and 0.30 A,, in 
the SAW device having the structure of a ZnO/Al/quartz 
substrate as in the case of Figs. 6 through 17. The contour 
lines in Figs. 18 through 20 mean that all points on each of 
these lines have equal APFA values. It can be recognized 
from Figs. 18 through 20, that the line P in Fig. 18 
satisfies the condition that APFA is within + 1°. 

Fig. 27 is a graph illustrating a relationship between 
a rotational direction $ and an electromechanical coupling 
coeffcient K 2 of the Rayleigh wave and a relationship 
between a rotational direction 4> and an electromechanical 
coupling coefficient K sp 2 of the spurious wave in the case 
where the normalized thickness of ZnO is 0.3A and the Euler 
angle 117°, 0°) . As is understood from Fig. 27, the 

electromechanical coupling coefficient K sp 2 of the spurious 



wave becomes 0.1% or less when the rotational direction $ is 
within a range of -35° to + 35° or a range of 85° to +155°. 

As described in the above-mentioned Literature 1, the 
fundamental principle of preferred embodiments of the 
present invention is to offset the temperature 
characteristics of the quartz substrate by that of the 
piezoelectric thin film and to thereby achieve a superior 
frequency temperature characteristics, by forming a 
piezoelectric thin film having a negative TCF value on a 
quartz substrate having a cut angle and a propagation 
direction which provide a positive value of the temperature 
coefficient of frequency, TCF. Hence, it is preferable that, 
as the piezoelectric thin film, one which has a negative TCF 
value be used. 

In the above-described preferred embodiments, 
explanations were made of the cases in each of which a ZnO 
thin film is formed as the piezoelectric thin film, but 
piezoelectric thin films which have positive TCF values, 
such as piezoelectric thin films each constituted of A1N, 
Ta 2 0 5 , CdS, or other suitable material may be used, in 
addition to a ZnO thin film. 

With regard to the quartz substrate, the surface on 
which the piezoelectric thin film is laminated may be either 
the positive surface or the negative surface thereof. 

The surface acoustic wave obtained when a 
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piezoelectric thin film is formed on the quartz substrate 
can have somewhat displacement component in the SH direction. 
Herein, however, it is to be noted that such a Rayleigh wave 
which is deformed into the surface acoustic wave is counted 
among the Rayleigh wave, for convenience. 

The calculated values shown in this application are 
the ones obtained on the condition that the compactness of 
the ZnO thin film is sufficiently high. It is to be noted 
that if the compactness of the ZnO thin film is low, the 
calculated values will be close to the ones when the film 
thickness of the ZnO film is small. 

As is evident from the foregoing, since, in the 
surface acoustic wave device in accordance with preferred 
embodiments of the present invention, the piezoelectric thin 
film is formed on the quartz substrate, the comb electrodes 
are formed between the quartz substrate and the 
piezoelectric thin film, and the normalized film thickness 
H/A, of the piezoelectric thin film is at least about 0.05, 
it is possible to provide a surface acoustic wave device 
which has a large electromechanical coupling coefficient for 
the Rayleigh wave, K 2 . 

Particularly, when the normalized film thickness H/A, 
of the piezoelectric thin film is not smaller than about 
0.20, the electromechanical coupling coefficient for the 
Rayleigh wave, K 2 can be more larger. 



When the piezoelectric thin film is in contact with 
the quartz substrate and/or the comb electrodes at the 
negative surface thereof, that is, when the positive surface 
of the piezoelectric thin film is arranged so as to be the 
top surface, the electromechanical coupling coefficient K 2 
can be further more larger. 

Also, a short-circuit electrode may be further formed 
on the piezoelectric thin film. In this case also, a surface 
acoustic wave device which has a large electromechanical 
coupling coefficient K 2 can be formed in accordance with 
preferred embodiments of the present invention. 

When the Euler angles of the quartz substrate is in 
the range surrounded by the lines Yl and Y2 in Fig. 6, the 
power flow angle can be within approximately ±2.5°. 

When the Euler angles of the quartz substrate is in 
the range surrounded by the lines Tl and T2 in Fig. 7, the 
temperature coefficient of frequency, TCF of the surface 
acoustic wave device can be within ±25 ppm/°C, thereby 
providing a surface acoustic wave device which has a low 
temperature dependence. Particularly when the Euler angles 
of the quartz substrate is in the range surrounded by the 
lines T3 and T4 in Fig. 7, the temperature coefficient of 
frequency, TCF of the surface acoustic wave device can be 
within approximately ± 5 ppm/°C. 

Moreover, when the Euler angles of the quartz 
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substrate is in the range surrounded by the line K in Fig. 8 
the electromechanical coupling coefficient for the Rayleigh 
wave, K 2 can be about 0.8% or above. 

When the Euler angles of the quartz substrate is in 
the range surrounded by the lines SI, S2, and S3 in Fig. 9, 
the electromechanical coupling coefficient for the spurious 
wave, K sp 2 can be about 0.1% or below, thereby suppressing 
the influence of the spurious wave. 

When the temperature coefficient of frequency, TCF of 
the piezoelectric thin film has a negative value, this is 
offset by that of the quartz substrate, which allows a 
surface acoustic wave device which has a low temperature 
dependence to be easily formed. 

When the Euler angles of the quartz substrate is in 
the range surrounded by the line P in Fig. 18, since the 
difference in the power flow angle, APFA between the surface 
acoustic wave to be utilized and a unwanted surface acoustic 
wave not to be utilized, is within ± 1°, a surface acoustic 
wave device which has superior characteristics can be 
provided. Particularly when the distance Ln between 
adjacent IDTs satisfies the relationship Ln > W /tan (APFA) 
where the cross width of an electrode -finger of the IDT is W 
the influence of unwanted surface acoustic wave can be more 
effectively inhibited. 

While the present invention has been described with 
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reference to what are at present considered to be the 
preferred embodiments, it is to be understood that various 
changes and modifications may be made thereto without 
departing from the invention in its broader aspects and 
therefore, it is intended that the appended claims cover all 
such changes and modifications as fall within the true 
spirit and scope of the invention. 



